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Introduction {#sec001}
============

Depression is traditionally an "affective" disorder, but the emotional disturbances associated with depression do not completely encompass all of its disabling aspects \[[@pone.0170032.ref001]--[@pone.0170032.ref003]\]. There are cognitive dysfunctions also present in depression, which have been shown to persist even when the affective symptoms are in remission, and worsen with every depressive episode \[[@pone.0170032.ref002],[@pone.0170032.ref004],[@pone.0170032.ref005]\]. This implies two things: one, the cognitive and affective aspects of depression are independent of each other, and two, the neural underpinnings of depression might persist even if affective symptoms aren't displayed. Targeting the cognitive deficits associated with depression thus seems key to treatment of the disorder, yet the mechanisms underlying these cognitive deficits are not well understood.

Insomnia, poor sleep quality, and altered sleep architecture are well-known characteristics of depression \[[@pone.0170032.ref006]--[@pone.0170032.ref010]\]. It is also well-known that sleep loss and sleep restriction negatively affect cognition \[[@pone.0170032.ref011]--[@pone.0170032.ref014]\]. Interestingly, there seems to be some overlap between the brain regions affected by sleep loss and the brain regions known to be dysfunctional in depressive phenotypes, such as the medial prefrontal cortex and the hippocampus \[[@pone.0170032.ref015]--[@pone.0170032.ref019]\]. However, sleep deprivation can also have antidepressant effects in some patients, and has been shown to improve cognitive abilities in some cases \[[@pone.0170032.ref020]--[@pone.0170032.ref024]\]. The relationship between sleep loss and depression-related cognitive deficits is, therefore, still relatively obscure.

Animal investigations of depression-related cognitive deficits have applied tasks involving aversive or reinforcing stimuli, but, in humans, depressed patients show altered processing of punishment and reward cues \[[@pone.0170032.ref020],[@pone.0170032.ref025]--[@pone.0170032.ref029]\]. Therefore, these tasks could report learning and memory deficits that are actually due to altered punishment and reward processing. The novel object recognition (NOR) task is a well-established and simple behavioral assay of memory that relies on rodents' natural tendency to explore novel things, without externally applied rules or reinforcement \[[@pone.0170032.ref030],[@pone.0170032.ref031]\]. Relative to tasks that measure the exploration of novel environments or of a single novel object, the discrimination of novelty versus familiarity requires more cognitive skills from the subject \[[@pone.0170032.ref030]\]. The NOR task is well-suited for studying depression-related cognition, because it does not employ any emotional responses, thus providing a relatively clear measure of memory and cognition.

Other studies of depression-related cognitive deficits have primarily used spatial memory tests, such as the Morris water maze, the Y-maze, or the novel object location recognition test \[[@pone.0170032.ref025]--[@pone.0170032.ref027],[@pone.0170032.ref029]\]. There is some assumption that the cognitive deficits seen in depression are linked with the reduced neurogenesis seen in depressed patients \[[@pone.0170032.ref032]--[@pone.0170032.ref035]\]. Measures of depression-related cognition have focused, therefore, on spatial processes, because they are hippocampal-dependent \[[@pone.0170032.ref036]--[@pone.0170032.ref040]\]. However, spatial memory deficits do not fully encompass the cognitive dysfunction seen in depressed patients \[[@pone.0170032.ref002],[@pone.0170032.ref003],[@pone.0170032.ref005],[@pone.0170032.ref029]\]. Novel object recognition (NOR has been shown to rely on structures distinct from the hippocampus, and is considered a cognitive, not spatial task \[[@pone.0170032.ref041]--[@pone.0170032.ref044]\]. To our knowledge, very few studies of depression-related cognitive deficits have used an NOR paradigm to measure cognition \[[@pone.0170032.ref045]--[@pone.0170032.ref048]\]. Additionally, almost all of these studies involved chronic mild stress, which can lead to novelty-induced anxiety \[[@pone.0170032.ref049],[@pone.0170032.ref050]\]. Therefore, the deficits reported could, again, be traced back to altered emotional responses. Interestingly, NOR has been frequently used to study physical conditions that involve cognitive deficits and are comorbid with depression, such as Alzheimer's disease, Gulf War illness, drug abuse, and menopause \[[@pone.0170032.ref051]--[@pone.0170032.ref055]\]. The fact that depression is comorbid with so many conditions involving cognitive dysfunction suggests that cognitive dysfunction may precede or contribute to the development of depression. All of this strengthens the need to broaden the investigation of cognitive deficits seen in animal models of depression.

The present study was designed to develop an animal model of depression-related cognitive deficits that did not involve pharmacological manipulations, painful stimuli, early life stress, or punishment and reward, all of which can provide confounding variables when studying cognition. Exposing nocturnal animals to long photoperiods (LPP) has been shown to induce a depressive phenotype \[[@pone.0170032.ref056],[@pone.0170032.ref057]\]. Long photoperiod exposure is considered a model of seasonal affective disorder, which involves recurring depressive episodes that coincide with seasonal variations in sunlight \[[@pone.0170032.ref058]\]. LPP exposure generates many changes in cellular and behavioral rhythms, and is thought to induce depression via modulation of neurons in the para- and periventricular nuclei of the hypothalamus \[[@pone.0170032.ref057],[@pone.0170032.ref059]--[@pone.0170032.ref061]\]. These neurons form connections with neurons that release CRF into the third ventricle, potentially increasing cortisol, which correlates with depression. Importantly, however, the increased cortisol from LPP exposure is not associated with any novel environmental or cued stimuli, limiting the confounding impacts it has on responses to novelty.

We exposed nocturnal Wistar rats to LPP, and used the NOR task to investigate cognitive function. To measure affective behaviors, we used the elevated plus maze (EPM) and forced swim test (FST). Furthermore, this model was used to investigate how acute (3 h) total sleep deprivation (TSD) interacts with depression-related cognitive deficits. Our lab has shown the 3 h of sleep deprivation is sufficient to induce molecular and behavioral changes \[[@pone.0170032.ref062]\]. In addition, the first few hours of sleep after learning has occurred have been shown to be a critical window for memory consolidation \[[@pone.0170032.ref014]\]. We hypothesized that animals exposed to long photoperiods would show a depressive phenotype and impaired NOR performance, and that TSD would compound this effect to produce further NOR impairments. The results show that LPP exposure did produce a depressive phenotype that suffered from NOR impairments, indicating some amount of cognitive dysfunction. However, TSD did not compound this effect, indicating a complicated relationship between depression-related cognition and sleep loss.

Materials and Methods {#sec002}
=====================

Subjects and housing {#sec003}
--------------------

The subjects were 16 adult male Wistar rats, weighing between 250-275g and housed individually in a home cage with *ad libitum* access to food and water. Ambient temperatures were maintained at 25--27°C and, unless otherwise specified, animals were kept in a 12L:12D cycle (lights on at 6:00 am, lights off at 6:00 pm). While lights were on, light at cage levels was between 200--250 lux. Prior to any experimental procedures, animals were each handled 5 minutes for 5 consecutive days to habituate the animals to experimenter handling. During long photoperiod exposure, animals were kept in a 21L:3D cycle (lights off at 6:00 pm, lights on at 9:00 pm). While lights were on, light at cage levels was kept between 225--250 lux. The housing conditions of the LPP exposed animals were otherwise identical to control housing conditions.

Experimental design {#sec004}
-------------------

All procedures were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals and approved by the University of Tennessee Animal Care Committee (Protocol Number: 2349-UTK). The 16 rats were separated into two groups of eight: a normal photoperiod (NPP) control group and a long photoperiod (LPP) group. [Fig 1](#pone.0170032.g001){ref-type="fig"} summarizes the experimental design. All behavioral tests were performed during the animals' light phase. During the first week, both groups were housed in a 12L:12D cycle and underwent a 4-day Novel Object Recognition (NOR) paradigm to determine baseline NOR performance. After the baseline week, the LPP group was transferred to LPP housing conditions, while the NPP group remained in a 12L:12D cycle. Animals were kept in their respective light cycles for the remainder of the experiment, and were handled at least three times a week for 5 minutes each to keep them familiar with experimenter handling.

![Experimental design and timeline.\
Week 1: All animals are kept in a 12L:12D cycle. Animals are habituated to the testing chamber for two days. On the third day, two identical objects are placed in the chamber, and the animal is allowed to familiarize with them for 10 minutes. On the fourth day, one familiar object is replaced with a novel object, and animals are allowed to freely explore for 2 minutes. Weeks 2 and 3: Group 1 is kept in a 12L:12D cycle; group 2 is housed in a 21L:3D cycle. Week 4: While being maintained on their respective light cycles, all animals undergo another NOR task. The context of the testing chamber is different from that of Week 1. The four-day NOR protocol is identical to that of Week 1, except that, after the second habituation, animals are placed in the elevated plus maze for 5 minutes. On the fifth day, animals undergo a 5 minute forced swim test. Week 5: Animals undergo another NOR task. The context of the testing chamber remains the same as Week 4. This NOR protocol is also identical to that of Week 1, except that, directly after the familiarization phase, animals are totally sleep deprived for 3 hours.](pone.0170032.g001){#pone.0170032.g001}

During the fourth week of experimental procedures, after two weeks of exposure to their respective light cycles, animals underwent another 4-day NOR paradigm. On the second day of that same week, each animal was tested for anxiety-related behaviors in the Elevated Plus Maze (EPM). On the fifth day, each animal was subjected to a Forced Swim Test (FST) to examine depression-related behaviors. During the fifth and final week, animals were tested in an additional NOR task, which involved a 3 h total sleep deprivation (TSD) procedure. It should be noted that, after each behavioral test, animals were immediately returned to their home cages and left undisturbed for the rest of the day, which allowed minimal sleep disruption. Two days after the final NOR test, animals were euthanized with overdose of isoflurane.

Novel object recognition {#sec005}
------------------------

The testing chamber for the NOR paradigm was a 60 cm x 60 cm x 45 cm open box. A visual reference cue was placed on one wall of the chamber. For the first NOR task, the chamber had a large right-pointing arrow on one wall, and the black floor was separated into four equal segments by thin white lines forming a cross. For the second and third NOR tasks, two smaller upwards-pointing arrows replaced the large arrow, and the black floor was covered in thin white pin stripes. At the beginning of each exposure, animals were always placed in the lower right-hand corner of the chamber, across from the visual reference cue. The testing chamber was always wiped clean with Quatricide after an animal was exposed to it, to remove olfactory cues. After animals were removed from the chamber, they were returned to their home cage and left undisturbed, unless otherwise specified.

The NOR procedure consisted of a habituation phase, a familiarization phase, and a testing phase. Each phase of the NOR procedure began on separate, sequential days at 10:00 am. All animals from a group went through each phase on the same day, but individually and sequentially, such that the second animal went after the first had finished, the third went after the second, etc. Animals always went in the same order, so that each phase of the paradigm was administered in 24-hour intervals for each animal. Each animal's behavior during all phases was videotaped from directly above the chamber, to be analyzed at a later time.

The objects used in the NOR task were brightly colored geometric shapes (Geosolids, Learning Resources, Vernon Hills, Illinois, USA), secured to the floor so they could not be moved. The placement of the objects was counterbalanced within groups and across the three separate tasks, to minimize the confounding effects of location preference and olfactory cues. Familiarization with the objects was also counterbalanced, such that half of the animals in each group were familiarized with Object A and tested with Object B, and half were familiarized with Object B and tested with Object A. The objects were always wiped clean with Quatricide after an animal was exposed to them, to remove olfactory cues. Each of the three NOR tasks that the animals underwent involved completely different object pairs, so that no objects were ever encountered in more than one task.

For the first two NOR tasks, there were two days of habituation to the testing chamber. During these habituations, the animals were placed in the testing chamber and allowed to freely explore for 15 minutes on the first day, and 10 minutes on the second day. The familiarization phase began on the third day. For this phase, two identical objects were placed in adjacent corners of the chamber. Once the objects were in the testing chamber, animals were placed in the chamber and allowed to freely explore for 10 minutes. The testing phase began on the fourth day. For this phase, one of the identical objects from the familiarization phase was replaced with a different, novel object, which was also a geometric shape with an approximately equal volume. This novel object was secured to the same location as the familiar object had been on the previous day. Animals were allowed to freely explore the chamber and objects for 5 minutes.

The procedure for the third NOR task was nearly identical, except that animals were only habituated for one day because the context of the chamber was not novel, and the animals were subjected to total sleep deprivation for 3 hours immediately following the familiarization phase. The context of the chamber was not changed to ensure that any recognition deficits that were observed could not be attributed to a lack of memory for the context.

Elevated plus maze {#sec006}
------------------

The EPM testing apparatus was a cross-shaped platform raised 70 cm above the ground. Each arm of the cross was 10 cm wide and 45 cm long. The center of the maze was a 10 cm x 10 cm square, which had open access to all four arms of the cross. The maze consisted of two open arms and two closed arms. The closed arms were two opposing arms of the cross that had 50 cm high walls on the three outer edges that were not facing the center. The two open arms had 2 cm high walls, also on the three outer edges, which prevented animals from slipping off.

Animals were subjected to the EPM after the 2-week photoperiod exposure. On the second day of the NOR paradigm, immediately following the 10 min NOR chamber habituation, animals were removed from the NOR chamber and placed in the center of the EPM, facing one of the closed arms, and allowed to freely explore for 5 minutes. The NOR chamber was thus used to habituate the animals to walking on a hard, flat surface, which has been reported to affect animals' performance in the EPM. Each animal's performance was videotaped from the side of the maze, with a clear view of the open arms, and then analyzed at a later time. The EPM was wiped clean with Quatricide after each animal's exposure.

Forced swim test {#sec007}
----------------

The FST testing chamber was a clear acrylic cylinder with one open end, and was 30 cm in diameter and 55 cm tall. The FST was administered after the 2-week photoperiod exposure, 24 h after the completion of the second NOR paradigm. Prior to testing, the cylinder was filled with water to a depth of 35 cm and at a temperature between 25--27°C. Then, animals were gently placed into the water one at a time and left in the chamber for 5 minutes. The water was changed after each test. Each animal's performance in the FST was filmed from the side of the chamber, which allowed good visualization of movement through the clear acrylic. Videos were analyzed at a later time.

Total sleep deprivation {#sec008}
-----------------------

Immediately after the familiarization phase of the third NOR paradigm, each animal was removed from the NOR chamber and returned to their home cage. Then, they were taken to a different room where two investigators performed a 3 h TSD procedure. The start time of this procedure varied with each animal, because each animal had started the NOR familiarization individually and sequentially. Accordingly, the last animal began TSD approximately two hours after the first, with intervening animals beginning 10--15 minutes apart. The total sleep deprivation procedure consisted of a few minutes of gentle handling whenever an animal began to sleep. Sleep was identified when the animal was laying with its head down and its eyes closed. Animals remained in their home cages, with ad libitum access to food and water, throughout the procedure. Once its 3 h deprivation period had ended, each animal's cage was returned to its normal housing location.

Analysis and statistics {#sec009}
-----------------------

All of the NOR videos were scored using EthoVision XT software (Noldus Information Technology, Wageningen, The Netherlands). Only the first two minutes of the test phase, or the first five minutes of all other phases were analyzed, because that is the time period during which rats have been shown to be the most sensitive to novelty \[[@pone.0170032.ref044],[@pone.0170032.ref063]\]. The EthoVision software allowed for automatic tracking and scoring, which removes human bias. During the habituation phases, total distance traveled was calculated by EthoVision's center-point tracking software. During the test and familiarization phases, object exploration was defined as an animal's nose being \< 2 cm from the object. The EthoVison software calculated total object exploration, based on this definition, by tracking each animal\'s nose-point. The total object exploration times of each animal were exported to Excel, which was used to calculate the Recognition Index. The Recognition Index (RI) is a percentage defined as the amount of time an animal spent exploring the novel object (T~N~) divided by the time the animal spent exploring the familiar object (T~F~) and the novel object: RI = T~N~ / (T~N~ + T~F~).

The EPM and FST videos were manually scored using Observer XT software (Noldus Information Technology, Wageningen, The Netherlands). An investigator blinded to the experimental conditions scored each video. EPM videos were analyzed for time spent in the open and closed arms, which were visually determined by whether or not the animal had all four paws in the open arm. FST videos were analyzed for time spent swimming, climbing and immobile. Immobility was determined when all four paws stopped moving or only the back paws were moving a minimal amount to keep the animal afloat. Swimming was determined when all four paws were treading water. Climbing was determined when all four paws were treading, and both of the animal's forepaws were completely above water.

Statistical analyses were performed using GraphPad Prism (GraphPad Software, Inc., La Jolla, California, USA). The FST and EPM behavioral data of the NPP and LPP groups were compared using unpaired t-tests, to investigate the effects of LPP exposure on anxiety and depression-related behaviors. The total distance travelled by each group during the initial context habituation of each NOR paradigm was analyzed with a two-way ANOVA, to investigate the effects of LPP exposure and TSD on locomotive activity and sensitivity to novelty. Two-way ANOVAs were also used to compare the object exploration times of both groups across time, and the RI\'s of both groups across time, to investigate the effects of LPP exposure and TSD on NOR performance. Statistical significance was determined when *p* \< 0.05. If significant differences were found in two-way ANOVAs, one-way ANOVAs (Tukey's multiple comparisons tests) were performed to compare data both within and between groups.

Results {#sec010}
=======

To ensure that no differences between groups appeared at baseline, we ran an unpaired t-test to compare the baseline NOR performances (measured by RI values) of both groups. As shown in [Fig 2](#pone.0170032.g002){ref-type="fig"}, the average RI\'s of both groups at baseline were nearly identical ([Fig 2C](#pone.0170032.g002){ref-type="fig"}; *NPP*: 70.4 ± 5.7 \[mean ± SEM\]; *LPP*: 71.1 ± 3.4, *t* = 0.11, *df* = 14, *p* = 0.91), indicating no preexisting group differences. However, both groups had scores of about 70%, indicating that both groups were capable of novel object discrimination at baseline, before any experimental manipulations. The data presented in [Fig 2A and 2B](#pone.0170032.g002){ref-type="fig"} support this conclusion, showing that, in both groups, the time spent exploring the familiar object was much lower than the time spent exploring the novel object during the baseline NOR test. [Fig 2](#pone.0170032.g002){ref-type="fig"} also shows that, at baseline, both groups spent very similar amounts of time exploring familiar ([Fig 2A](#pone.0170032.g002){ref-type="fig"}; *NPP*: 3.7 ± 1.0; *LPP*: 3.6 ± 0.6, *p* \> 0.05) and novel ([Fig 2B](#pone.0170032.g002){ref-type="fig"}; *NPP*: 10 ± 2.7; *LPP*: 10 ± 2.7, *p* \> 0.05) objects, indicating no preexisting differences in exploratory behaviors.

![Long photoperiod exposure negatively impacted novel object recognition by increasing familiar object exploration while sleep deprivation balanced performance between groups.\
Figures showing (A) average (mean ± SEM) time spent exploring familiar objects and (B) average time spent exploring novel objects. Notice that, after exposure to a LPP cycle, animals spent significantly more time exploring the familiar object during the test phase, which corresponds with a lack of recognition. Histograms in (C) plot each group's average (mean ± SEM) Recognition Index, calculated as time spent exploring the novel object divided by the time total time spent exploring both novel and familiar objects. Notice that, after a 2 week exposure to their respective light cycles, the LPP group had significantly reduced recognition of the novel object compared to the NPP group. Also, the LPP group showed a significant impairment in novel object recognition compared to its baseline performance. After a three week exposure to respective light cycles and 3 h TSD following the familiarization phase, the LPP group still showed deficits in novel object recognition compared to its baseline performance, but their average RI was increased compared to 2 weeks LPP treatment without TSD. After 3 h TSD, the NPP group showed reduced novel object recognition, but the reduction proved to be insignificant. However, notice that the performances of each group become relatively equivalent after 3 h TSD. Exemplary heat maps shown in (D) plot nose-point exploration time during the test phases at each time point. Heat maps are plotted in a color spectrum from blue to red, with red indicating a high amount of time spent in the specified area. Circles labeled "N" and "F" indicate novel and familiar object locations, respectively. Notice the lack of discrimination between familiar and novel objects after LPP exposure. Asterisks indicate the levels of statistical significance (Tukey's multiple comparisons test) of the differences between the NPP and LPP groups: \*p\<0.05, \*\*p \< 0.01. Delta indicates the level of stastical significance of the differences in the LPP group at different time points: Δp\<0.05, ΔΔΔp\<0.001. Abbreviaions: NPP, normal photoperiod; LPP, long photoperiod.](pone.0170032.g002){#pone.0170032.g002}

Long photoperiod exposure produces deficits in novel object recognition {#sec011}
-----------------------------------------------------------------------

The two-way ANOVA of group NOR performance (measured by RI values) across the three NOR paradigms revealed significant effects of group (F~(1,14)~ = 6.94, *p* = 0.02), time (F~(2,28)~ = 8.72, *p* = 0.001), and an interaction effect (F~(2,28)~ = 3.41, *p* = 0.05). The two-way ANOVA of novel object exploration across the different time points revealed no significant effects, but the two-way ANOVA of familiar object exploration indicated a significant effect of time (F~(2,28)~ = 13.16, *p* \< 0.001) and group (F~(1,14)~ = 6.92, *p* = 0.02). Collectively, this data indicates that NOR performance varied within groups across the three NOR paradigms, and between the NPP and LPP groups at certain time points. Also, time spent exploring the novel object did not change across time or between groups, but familiar object exploration did change significantly. Since no preexisting group differences were found, we were confident that the significant variation found by the two-way ANOVAs was due to LPP exposure, TSD, or both treatments.

One-way ANOVAs (Tukey's multiple comparisons tests) revealed that, after the 2-week exposure period, the LPP group had significant deficits in novel object recognition, as shown in [Fig 2](#pone.0170032.g002){ref-type="fig"}. The animals in this group averaged a RI of 45.4 ± 3.3, which is a null score, indicating little preference between the novel and familiar objects ([Fig 2C](#pone.0170032.g002){ref-type="fig"}). This was significantly lower than their baseline performance (71.1 ± 3.4, *p* \< 0.001), and was significantly lower than the average RI of the NPP group at the same 2-week time point (65.5 ± 4.2, *p* \< 0.05). Importantly, the RI of the NPP group did not significantly change from baseline performance ([Fig 2C](#pone.0170032.g002){ref-type="fig"}; *2 weeks*: 65.5 ± 4.2; *baseline*: 70.4 ± 5.7, *p* \> 0.05), indicating that LPP exposure was likely involved in the NOR deficits seen in the LPP group. Interestingly, the LPP group did not show decreased object exploration. Instead, the exploration of the familiar object was increased compared to the group's baseline performance ([Fig 2A](#pone.0170032.g002){ref-type="fig"}; *2 weeks*: 11.2 ± 2.0; *baseline*: 3.6 ± 0.6; *p* \< 0.01). This suggests that LPP exposure correlated with impairments in novel object recognition, but did not impact general object exploration.

Three hours of total sleep deprivation has minimal but distinct effects on normal photoperiod vs long photoperiod exposed animals {#sec012}
---------------------------------------------------------------------------------------------------------------------------------

In contrast to a number of other studies, TSD did not significantly impact NOR performance in either group \[[@pone.0170032.ref012],[@pone.0170032.ref064]--[@pone.0170032.ref066]\]. [Fig 2C](#pone.0170032.g002){ref-type="fig"} shows that, after TSD, the NPP group exhibited a decreased average RI compared to its baseline, but the decrease did not reach significance (Tukey's multiple comparisons, *3 weeks + TSD*: 57.0 ± 3.3; *baseline*: 70.4 ± 5.7, *p* \> 0.05). The average RI of the LPP group after TSD remained significantly lower than its baseline performance ([Fig 2C](#pone.0170032.g002){ref-type="fig"}; *3 weeks + TSD*: 53.8 ± 3.6; *baseline*: 71.1 ± 3.4, *p* \> 0.05). Interestingly, however, the LPP group's average RI after TSD was higher than their average RI after LPP exposure without TSD, although this increase did not reach significance ([Fig 2C](#pone.0170032.g002){ref-type="fig"}; *3 weeks + TSD*: 53.8 ± 3.6; *2 weeks*: 45.4 ± 3.3, *p* \> 0.05).

The data presented in [Fig 2A and 2B](#pone.0170032.g002){ref-type="fig"} support the RI plots, showing that, compared to baseline, the NPP group had increased exploration of the familiar object after TSD, but the increase was not significant ([Fig 2A](#pone.0170032.g002){ref-type="fig"}; *3 weeks + TSD*: 7.7 ± 1.1; *baseline*: 3.7 ± 1.0, p \> 0.05). Collectively, this suggests that 3 h of TSD after familiarization with two identical objects may have slightly impaired the memory of the objects, but animals were still able to discriminate between the familiar and novel object in the testing phase. Interestingly, the LPP group showed an increase in exploration of the novel object, though this too was insignificant ([Fig 2B](#pone.0170032.g002){ref-type="fig"}; *3 weeks + TSD*: 9.2 ± 1.6; *2 weeks*: 14 ± 2.5, *p* \> 0.05). This suggests that TSD did not compound the effects of LPP exposure. Instead, TSD may have mitigated some of the effects of LPP exposure that produced NOR impairments.

Long photoperiod exposure increases depressive, but not anxious behaviors {#sec013}
-------------------------------------------------------------------------

We investigated the effects of LPP exposure on helpless behavior by comparing the NPP and LP groups' behavioral responses to the FST, which are summarized in [Fig 3](#pone.0170032.g003){ref-type="fig"}. Interestingly, the LPP group showed nearly twice as much immobility as the NPP group (*LPP*: 37.5 ± 4.7; *NPP*: 15.7 ± 2.2, *t* = 4.21, *df* = 14, *p* \< 0.001), and showed a corresponding decrease in swimming (*LPP*: 42.1 ± 3.9; *NPP*: 57.8 ± 3.2, *t* = 3.12, *df* = 14, *p* \< 0.01) and climbing (*LPP*: 19.9 ± 2.5; *NPP*: 26.1 ± 2.3, *t* = 1.89, *df* = 14, *p* = 0.08). LPP exposure was therefore correlated with a significant decrease in active, and a significant increase in passive behaviors expressed in response to a threat of drowning. This suggests that LPP exposure induced helplessness and behavioral despair.

![Long photoperiod exposure decreased active behaviors in the forced swim test.\
Histograms showing the average (mean ± SEM) percent of time that each group spent swimming, climbing, or immobile during a 5 minute forced swim test, which was administered after a 2 week exposure to either NPP or a LPP cycle. Notice that the LPP group spent significantly more time immobile, and significantly less time swimming, than the NPP group. Also, there is a trend towards decreased time spent climbing in the LPP group compared to the NPP group. Collectively, these data indicate an overall reduction in active behaviors of the LPP group during the forced swim test. Asterisks indicate the levels of statistical significance (unpaired t-test) of the differences between the NPP and LPP groups: \*\*p\<0.01, \*\*\*p \< 0.001. Abbreviaions: NPP, normal photoperiod; LPP, long photoperiod.](pone.0170032.g003){#pone.0170032.g003}

In contrast, analysis of the anxious behaviors measured by the EPM did not reveal any significant differences between the NPP and the LPP groups, as shown in [Fig 4A and 4B](#pone.0170032.g004){ref-type="fig"}. Both groups spent nearly identical amounts of time in the open (*NPP*: 27.6 ± 5.9; *LPP*: 29.3 ± 3.1, *t* = 0.26, *df* = 14, *p* = 0.63) and closed (*NPP*: 72.2 ± 6.1; *LPP*: 70.5 ± 3.0, *t* = 0.25, *df* = 14, *p* = 0.80) arms of the maze. This implies that LPP exposure did not increase anxiety above baseline levels. The locomotive data collected during the first habituation of each NOR task, shown in [Fig 4C](#pone.0170032.g004){ref-type="fig"}, supports this conclusion. Since increased locomotive activity in a novel environment has been shown to be a sign of stress and/or novelty sensitivity, we looked to see if there were group differences in total distance traveled during the animals' first exposure to an environment. No differences were found between groups or across time (two-way ANOVA, group: F~(1,14)~ = 0.18, *p* = 0.68; time: F~(2,28)~ = 3.06, *p* = 0.06; interaction: F~(2,28)~ = 0.61, *p* = 0.55), indicating that LPP exposure did not seem to increase sensitivity to novelty or stress. Collectively, the data suggests that LPP exposure increased helpless, but not anxious behaviors.

![Long photoperiod exposure did not produce anxious behaviors in the elevated plus maze or in a novel context.\
Histograms showing the average (mean ± SEM) percent of time that each group spent in the (A) open and (B) closed arms of the elevated plus maze, after a 2 week exposure to either NPP or LPP. Notice that there were no significant differences (unpaired t-test) in elevated plus maze performance were found between the two groups. Histograms showing (C) the average (mean ± SEM) distance traveled by each group, during the first exposure to each new context in the NOR chamber. Note that there were no significant differences (unpaired t-test) in locomotion between the NPP and LPP groups at any time point. Abbreviaions: NPP, normal photoperiod; LPP, long photoperiod.](pone.0170032.g004){#pone.0170032.g004}

Discussion {#sec014}
==========

The results of the present study indicate that, in Wistar rats, a LPP-induced depressive phenotype shows deficits in novel object recognition, and may have an altered cognitive response to total sleep deprivation. Our principal findings are that rats exposed to two weeks of LPP exhibited: 1) behavioral despair in the forced swim test; 2) unaltered behavioral responses to the elevated plus maze; 3) deficits in discriminating novel from familiar objects; and 4) limited alterations in cognitive responses to a 3 h episode of total sleep deprivation.

Behavioral despair in response to the threat of drowning is a classic assay of depression in animals \[[@pone.0170032.ref067],[@pone.0170032.ref068]\]. Increased immobility in the FST is frequently used as an indication of behavioral despair \[[@pone.0170032.ref067]\]. The large increase in immobility exhibited by our LPP exposed rats during the FST suggests that LPP exposure induced a depressive phenotype. However, it is interesting that the LPP exposed group did not show a significant decrease in climbing behavior, which has been reported in other animal models of depression \[[@pone.0170032.ref069]--[@pone.0170032.ref071]\]. It is important to note that most forced swim procedures include a 10 or 15 minute pretest exposure, which our procedure did not \[[@pone.0170032.ref069],[@pone.0170032.ref071],[@pone.0170032.ref072]\]. Our results indicate that this pretest is not necessary to see significant behavioral despair, but serves to increase the sensitivity of the test. This is the probable explanation for why the animals that showed depressive behaviors did not show a significant reduction in climbing behavior. Regardless, swimming behavior was significantly reduced in our LPP exposed rats, and, coupled with the large increase in immobility, it is reasonable to conclude that LPP exposure induced depression.

The present study shows that a long photoperiod animal model of depression can exhibit cognitive deficits, which may be independent from hippocampal-dependent spatial processing, punishment/reward processing, and anxiety. Interestingly, NOR deficits can stem from two potential cognitive processes that are not easily disentangled. First, the memory of the familiar object needs to remain stable and accessible \[[@pone.0170032.ref042],[@pone.0170032.ref043],[@pone.0170032.ref073]\]. Second, the novel object stimulus needs to be successfully discriminated from the familiar object stimulus \[[@pone.0170032.ref030],[@pone.0170032.ref043]\]. Additionally, many discussions of the NOR test have implied that the test relies on some inherent reward value that novelty has for rodents \[[@pone.0170032.ref030],[@pone.0170032.ref043],[@pone.0170032.ref074]\]. For this reason, we suspected that rats that showed depressive-like behaviors might show a reduced interest in novel objects, which would lead to less object exploration, as seen in one other study \[[@pone.0170032.ref048]\]. This reduction in object exploration would have created a weaker acquisition of object memories, thus producing NOR deficits. However, this reduction in object exploration was not seen. Instead, the animals that displayed depressive characteristics explored both the familiar and novel objects at an amount equal to the level of novel object exploration exhibited by our control animals. This suggests that the animals that showed depressive behaviors did not find novelty less appealing than control animals, and did not have deficits in general object exploration, which would have impaired object memory. After ruling out those two possibilities, the remaining explanations are that the animals that exhibited a depressive phenotype had problems consolidating memories or discriminating stimuli. Investigating the neural underpinning of these deficiencies could prove useful in treating depression.

Other studies involving depression induced by LPP exposure in nocturnal animals have found altered behavior in the EPM, indicating an increase in anxiety \[[@pone.0170032.ref057]\]. The present study found no such differences. There is one possible reason for this discrepancy: animals in the present study were placed in the NOR chamber prior to undergoing the EPM. There have been reports that placing animals in a novel environment before the EPM increases locomotion in the EPM, and therefore increases time in the open arms \[[@pone.0170032.ref075]\]. Although the NOR chamber exposure that occurred prior to the EPM was the animals' second exposure (animals had been exposed for 15 minutes the previous day), it is possible that the animals still felt some amount of novelty. However, as shown by our locomotion data, exposure to a novel environment did not produce significant differences between groups in locomotive behavior. Therefore, if locomotion was increased, it should have increased equally for both groups. If any differences in exploratory behavior in the EPM were going to be found, they would have been unaffected by increased locomotion. Thus, we are confident that our EPM results are accurate. While we will not conclude that our LPP exposed animals had no anxiety, it is reasonable to conclude that any anxiety they had did not produce the significant deficits in NOR. The NOR deficits seen are thus more confidently associated with cognitive dysfunction, not anxiety.

In addition to identifying cognitive dysfunction in an animal model of depression, we wanted to explore how sleep loss interacts with depression-related cognition. However, following a 3 h TSD procedure after the familiarization phase, no significant differences in NOR performance were detected in either group. It is possible that, because behavioral tests were performed during the animals' light cycle, animals had become accustomed to sleep deprivation, leading to reduced responses to our TSD procedure. However, the maximum length of tests was 15 minutes, and animals were left undisturbed both before and after. Animals were observed returning to sleep within 20 minutes of finishing a test. It is reasonable to assume that animals lost a maximum of 40 minutes of sleep, with most losing much less than that. Since rats usually sleep about 9 hours a day, rats lost approximately 7% of their total sleep, which is much less than a chronic sleep deprivation or sleep restriction procedure requires \[[@pone.0170032.ref076]--[@pone.0170032.ref078]\]. Therefore, we do not think that our animals would have been accustomed to significant sleep loss.

The fact that our control group did not exhibit any significant impacts of total sleep deprivation leads us to conclude that a 3 h TSD procedure was not sufficient to produce any significant changes. This is in contrast to other studies that have used longer periods (4--6 h) of total sleep deprivation and induced memory impairments \[[@pone.0170032.ref012],[@pone.0170032.ref079]--[@pone.0170032.ref081]\]. Also, our lab has been able to produce significant memory loss using selective REM sleep deprivation for only 3 h \[[@pone.0170032.ref082]\]. Perhaps if the TSD was performed for a longer period, or if only REM sleep was deprived, we would have seen more significant changes. Taken together, the data highlight the somewhat imprecise effects of total sleep deprivation.

Although 3 h of TSD did not produce significant changes in either group, there were some differences that are important to discuss. First, even though our control animals did not have a significant reduction in Recognition Index after 3 h TSD, their average went from 66% to 57%, which is much nearer to chance performance \[[@pone.0170032.ref030]\]. This implies that the control group did encounter some impairment. Second, our depressive phenotype animals saw a slight increase in RI, going from 45% to 54%. Even though this was also insignificant, it does suggest that the animals may have had an altered response to the 3 h total sleep deprivation. This is contradictory to our hypothesis, which predicted that our LPP exposed animals would have an increased vulnerability to cognitive deficits induced by sleep deprivation. The contradictory result is interesting, however, in light of the antidepressant effects of sleep deprivation \[[@pone.0170032.ref022]--[@pone.0170032.ref024]\]. Additionally, there are studies that report enhanced memory formation and memory retrieval following brief periods of TSD \[[@pone.0170032.ref020],[@pone.0170032.ref021]\]. This suggests that sleep deprivation can have different consequences across different settings and subjects. Perhaps depression involves an alteration in neurochemistry that causes sleep deprivation to enhance cognition and improve affective symptoms. There is some evidence that this could be the case, because antidepressants that selectively inhibit noradrenaline reuptake have been shown to improve cognition, and the antidepressant activity of sleep deprivation has been attributed to enhanced noradrenaline neurotransmission \[[@pone.0170032.ref083],[@pone.0170032.ref084]\]. This would explain why TSD may have mitigated some of the effects of LPP exposure that produced NOR impairments. Further investigations can better illuminate the relationship between the cognitive enhancement and antidepressant activity of sleep deprivation.

We would like to acknowledge that it is possible that LPP exposure produces changes in sleep behavior that buffer against the effects of sleep deprivation. Photoperiod changes have been shown to affect the distribution of sleep, but have not been shown to alter total sleep amount \[[@pone.0170032.ref059],[@pone.0170032.ref085]--[@pone.0170032.ref087]\]. Also, photoperiod changes do not appear to alter responses to sleep deprivation and do not change sleep homeostasis \[[@pone.0170032.ref086],[@pone.0170032.ref088]\]. This indicates that our LPP exposed animals would not have any buffering against the cognitive effects of TSD, unless the timing of the critical window for memory consolidation was altered due to altered sleep distribution. However, most rodents do not have clear consolidation of sleep and waking between light and dark phases even in normal conditions, so altered sleep distributions may not have large impacts on sleep-induced memory consolidation \[[@pone.0170032.ref089]\]. Additionally, it is important to note that most work on photoperiod-induced sleep changes has been done in diurnal animals, so little is known about the effects of long photoperiods on sleep in nocturnal animals \[[@pone.0170032.ref059],[@pone.0170032.ref088],[@pone.0170032.ref089]\]. Future work is necessary to deduce how long photoperiods interact with sleep and sleep deprivation in nocturnal animals.

It is possible that the cognitive deficits seen in long-photoperiod exposed rats are due to photoperiod shift and not to a depressive phenotype. Photoperiod shifts disrupt circadian processes, and it has been well-documented that circadian disruption produces cognitive deficits \[[@pone.0170032.ref090]--[@pone.0170032.ref093]\]. First, it should be noted that photoperiods were not "shifted" in the present study, since, during LPP exposure, the dark phase still began at the same time (6:00 pm), but ended early (9:00 pm instead of 6:00 am). Still, it is possible that the cognitive deficits seen were only due to circadian disruption. However, changes in photoperiod length have been proven to have drastically different effects depending on whether the photoperiod is shortened or lengthened \[[@pone.0170032.ref057]\]. If the effects of changes in photoperiod length were simply due to circadian disruption, one would expect that it would not make a difference if the photoperiod was longer or shorter. This suggests that the effects of changes in photoperiod length, including alterations in cognition, involve neural processes distinct from those involved in photoperiod shift and/or circadian disruption.

We acknowledge that this study did not address any behavioral differences that could have been seen between the rats' light and dark cycles, because all tests were performed during the animals' light cycle. It is possible that, in our LPP group, behavior during the light cycle was changed because the length of the light cycle was increased. Also, behavior during the dark cycle could have compensated or shown an alternate trend, because activity rhythms are changed by photoperiod variations \[[@pone.0170032.ref060], [@pone.0170032.ref061]\]. However, judging by our locomotion data, there were no activity differences between the LPP and NPP groups at time of testing. Additionally, locomotion was monitored at every stage of each NOR test (data not shown in manuscript), and no differences in locomotor activity were ever found. Similarly, we found no differences in object exploration. Our own observations of animals' behavior in their home cages during testing also showed no observable behavioral differences. Therefore, we do not think that activity rhythms played a role in these results. In support of our conclusion, some other studies have shown that LPP exposure does not cause behavioral differences between the light and dark cycles \[[@pone.0170032.ref056],[@pone.0170032.ref057]\]. Therefore, it is unlikely that the time at which testing was done played a large role in the results presented.

The results presented here highlight the breadth of cognitive dysfunction related to depression, and imply that depression-related cognitive deficits could span beyond the emotional and hippocampal spatial processes that have typically been investigated. This supports the idea that treating the cognitive aspects of depression is a necessity for any good therapeutic technique. These results also emphasize the complicated relationship between sleep loss and depression. Although disrupted sleep is reported in many depressed patients, total sleep deprivation can provide antidepressant effects. The data presented here indicate that these antidepressant effects could be tied to improvements in cognition. Clearly, a better understanding of how affective and cognitive symptoms of depression relate to each other would improve our ability to effectively treat this widespread and debilitating disease. Additionally, these results add to a growing body of literature blurring the line between "neurological" and "mental health" illnesses.
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